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Abstract: The ability of 2D hybrid structures formed by boron, nitrogen and carbon atoms (h-BNCs)
as potential substrates for surface enhanced Raman spectroscopy (SERS) detection of dioxin-like
pollutants is theoretically analyzed. The strong confinement and high tunability of the electromag-
netic response of the carbon nanostructures embedded within the h-BNC sheets point out that these
hybrid structures could be promising for applications in optical spectroscopies, such as SERS. In
this work, two model dioxin-like pollutants, TCDD and TCDF, and a model h-BNC surface com-
posed by a carbon nanodisk of ninety-six atoms surrounded by a string of borazine rings, BNC96,
are employed for the simulation of the adsorption complexes and the static and pre-resonance Ra-
man spectra of the adsorbed molecules. A large affinity of BNC96 by these pollutants is reflected on
the large interaction energies obtained for the most stable stacking complexes, with dispersion being
the most important contribution to their stability. The large vibrational coupling of some active
modes of TCDF and, specially, of TCDD makes the Raman static spectra display a ‘pure” chemical
enhancement of one order of magnitude. On the other hand, due to the strong electromagnetic re-
sponse of BNC96, confined within the carbon nanodisk, pre-resonance Raman spectra obtained for
TCDD and TCDF display large enhancement factors of 10% and 107, respectively. Promisingly, laser
excitation wavelengths frequently used in SERS experiments also provoke significant Raman en-
hancements, around 10%, for the TCDD and TCDF signals. Both the strong confinement of the elec-
tromagnetic response within the carbon domains and the high modulation of the resonance wave-
lengths within the visible and/or UV ranges in h-BNCs should lead to a higher sensitivity than gra-
phene and white graphene parent structures, solving one of the main disadvantages of using 2D
substrates for SERS applications.
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1. Introduction

Dioxins and dibenzofurans are persistent organic pollutants (POPs), the more toxic
forms correspond to their tetrachlorinated derivatives, 2,3,7,8-tetrachloro-p-dibenzodi-
oxin (TCDD) and 2,3,7,8-tetrachlorodibenzofuran (TCDF) [1,2]. These chemicals are
sources of carcinogenic and mutagenic effects, producing serious damages to organs and
tissues [3-7]. The risk posed by these substances to humans is twofold. On one hand, they
may be taken by inhalation as they are expelled in gaseous form in combustion processes
[8], both industrial and natural, or by reactions with anthracene in the incineration of
waste or in the production of iron and steel [9]. On the other hand, they may enter the
organism by the intake of animals or plants where they may be present in low concentra-
tion due to bioaccumulation [10-12]. Other examples of dioxins and dibenzofurans
sources are the chlorine bleaching processes in the pulp and paper industry [13,14], sew-
age sludge and gardening compounds. Thus, many different processes can lead to the
formation of dioxins, so that they are found throughout the world and pose a serious risk
to health and environment.
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Detection of dioxins and dibenzofurans is therefore a priority to prevent environ-
ment contamination and protect living organisms from their damages. The classical meth-
ods for detection of dioxin-like compounds are mainly classified as biological or chemical
techniques [15]. Biological methods are based on in vivo or in vitro bioassays and protein
binding assays [16-20], whereas chemical methods are based on gas chromatography and
mass spectrometry [21-25]. More recently, different kind of chemical sensors [26-28] and
biosensors [29-32] have been successfully developed to detect dioxin-like pollutants. Sen-
sor detection offers a series of advantages over biological assays and chemical analysis,
such as the possibility for on-site application and lower costs. Among all the sensors de-
veloped and tested for the detection of dioxin-like pollutants, those based on surface en-
hanced Raman scattering (SERS) deserve special attention [28,33-44]. SERS is a very sen-
sitive spectroscopic technique based on the Raman scattering enhancement of molecules
adsorbed on surfaces, which act as enhancer platforms by means of two different resonant
mechanisms, electromagnetic and chemical [45].

Among the multiple applications of SERS based detection, those related to disease
diagnosis [46-49] and environmental analysis [37,44,50-54] are particularly interesting. For
the latter, very important advances have been made in the last decade. Therefore, SERS
technique has been pointed out as one of the most promising alternatives for POPs detec-
tion [28,33-44], mainly due to the very low detection limits obtained [45], limits unreach-
able with traditional detection procedures based on bioassays or chromatography tech-
niques. Another advantage of spectroscopic techniques in general and SERS in particular
is the lower costs compared to bioassays and gas chromatography [15]; costs that have
been reduced gradually by improving the fabrication techniques of SERS substrates or
replacing the traditional gold and silver nanoparticles by less expensive nanostructured
materials [55-59].

Particularly interesting for SERS applications are the 2D materials [59-64]. They may
provide some advantages over metal-based 3D materials, such as: higher inertness, due
to the non-covalent nature exhibited, in general, by their interactions with the analyte;
lower production costs, due to the reduction of the material amount employed; and a re-
duced signal-to-noise ratio, due to their smoother surfaces. Graphene and white graphene
(h-BN) are good examples of 2D SERS substrates that may operate both independently or
incorporated to hybrid structures [60,62,65-72]. In the case of hybrid structures, they exert
a twofold effect: on one hand, wrapping metal nanoparticles with few-layer graphene or
h-BN protect them from oxidation and other chemical degradation processes; on the other
hand, they increase the Raman enhancement factors with respect to the metal nanoparti-
cles alone, which come with a higher sensitivity. Raman enhancements of adsorbed mol-
ecules on pristine graphene and h-BN were also reported. In the particular case of gra-
phene, it has given rise to a specific branch of SERS, known as graphene enhanced Raman
scattering (GERS) [67]. The problem is, however, the magnitude of the enhancements
reached are significantly lower than those obtained by metallic plasmonic materials. Thus,
the possible advantages of using graphene or h-BN as SERS platforms are overcome by
the extremely high sensitivity displayed by noble metal nanoparticles, which allows
reaching detection limits down to single-molecule level [73].

The relatively small Raman enhancement factors obtained with graphene compared
to metal nanoparticles or hybrid substrates stem from the lack of plasmonic activity within
the visible and UV regions. It is well-known that plasmon emission in graphene occurs at
terahertz frequencies. Thus, the mechanism responsible of the Raman enhancement in
GERS has been associated with charge transfer excitations between the surface and the
adsorbed molecule [67], in combination with vibrational coupling between molecule and
surface atoms as suggested by theoretical simulations [74-76]. A strong optical response
of the 2D substrate in the visible or UV regions, where the laser sources in SERS experi-
ments operate, would be desirable in order to increase the Raman enhancement factors of
the adsorbed molecules. This is the case of other finite carbon structures related to gra-
phene, such as graphene nanoribbons, nanodisks or capped nanotubes. Theoretical simu-
lations have shown that, at near resonance conditions, electronic excitation modes of a
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graphene nanodisk can hugely enhance the Raman activity of molecules adsorbed on its
surface [75]. In order to exploit the optical activity at the visible or UV range of these gra-
phene related structures for SERS detection, they must be immobilized within another
substrate, either by adsorption or by integration within another 2D material. An example
of the latter is the synthesis of hybrid h-BN/graphene structures (h-BNCs), where carbon
domains of different sizes and morphologies are embedded within a h-BN sheet [77]. Re-
cent experimental and theoretical works on h-BNCs have focused, respectively, on the
development of reliable techniques for a controllable synthesis and the study of their op-
tical response properties [78-80]. Thus, previous studies have shown the high tunability
of the band gap in h-BNC structures, which is directly related to the localization/isolation
of o-electron systems within the carbon domains. This localization gives rise to a strong
confinement of their optical response, which, for a given carbon domain, only requires
two surrounding BN strings [81]. Thus, the optical response can be widely modulated by
changing the size and the shape of these carbon domains [82-85].

In this work, the suitability of h-BNCs for SERS detection of dioxin-like pollutants
has been investigated using quantum chemical simulations. A high affinity of these mol-
ecules by graphene and h-BN sheets, a required condition for SERS substrates, was previ-
ously found both in gas phase and water solution [86]. Their affinity by a hybrid h-BNC
surface formed by a graphene nanodisk of ninety-six carbon atoms embedded within a h-
BN sheet has been also investigated in this work. Subsequently, Raman spectra of TCDD
and TCDF attached to this h-BNC model have been simulated. The whole system has been
subjected to electromagnetic radiations of wavelengths coincident with laser sources fre-
quently employed in SERS experiments. Herein, it is shown that suitable laser sources
approaching the resonance wavelength of the optically active electronic excitation modes
of carbon domains in h-BNCs induce Raman enhancement factors much larger than those
previously reported for graphene and h-BN sheets.

2. Materials and Methods

2.1 Interaction Energy Decomposition Analysis
The total interaction energy between the molecule (M) and the model surface (S) can
be obtained using the supermolecule approach,

Epne = Esy — (Es + Ey) 1)

where Eg), is the energy of the adsorption complex and Es and E), are, respectively, the
energies of the surface and molecule, both calculated with the geometry and basis set of
the complex. The latter condition largely mitigates the effect of the basis set superposition
error, which arises from the use of small and medium size basis sets, mandatory in this
work due to the large size of the complexes studied.

The interaction energy of eqn (1) can be further partitioned into components with
different physical origin, as shown in eqn (2),

Eint = Egtec + Epqu + Epng + EDisp (2)

where Egiec, Epqy, Ema and Epi, are electrostatic, Pauli repulsion, induction and dis-
persion energies, respectively. In the interaction energy decomposition analysis applied
in this work, the different terms of eqn (2) emerge from the previous decomposition of the
complex one-electron and exchange-correlation densities into unperturbed densities of
the surface and molecule and deformation densities associated to each term. The full
mathematical framework behind this Energy Decomposition Analysis (EDA) scheme has
been explained in detail elsewhere, both using a pure quantum mechanics treatment
[87,88] or a hybrid quantum mechanics/molecular mechanics scheme [89,90].
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It must be noticed that the dispersion energy of eqn (2) includes, at Kohn-Sham Den-
sity Functional Theory (KS-DFT) level, the part implicitly accounted for by the DFT func-
tional, obtained from the interaction energy decomposition scheme, and the empirical dis-
persion correction added (see the next section for details about the functional employed
in this work).

2.2 Simulation of Raman Spectra

The Raman intensity may be represented by the differential Raman scattering cross
section. Within the harmonic approximation, the differential Raman scattering for a given
vibrational mode k is expressed as,

2 —hcTy -1
(&) =Z @ -0 (1-el ")) g ©
where h, ¢ and kjp are the Planck constant, light speed in vacuum and Boltzmann con-
stants, respectively. T is the temperature in Kelvin and 7, and v,are the frequencies of
the incident light and the vibrational mode, respectively. The Raman activity for k, Ry, is
the key magnitude in eqn (3) and may be also employed to represent the relative intensi-
ties of the signals in a simulated Raman spectrum. This magnitude is given by [91]:

Rk = 4’5(7]( + 7)7]( (4)

where @, and 7, are isotropic and anisotropic invariants of the Raman tensor, R;. The
Raman tensor indicates how the electric polarizability of a molecular system, a, oscillates
along with a given vibrational mode. It is obtained from the derivative of the electric po-
larizability tensor, &, with respect to the coordinate of the vibrational mode. Since vibra-
tional modes are constructed by combination of atomic displacements, the Raman tensor
may be calculated using eqn (5) [91],

5 1 Is (0@
Ry = EZ?& Xo=1 ¢ (ag_la) )

where <p,1€” represents the normalized atomic displacement in the Cartesian coordinate o
for the atom [, &'o the corresponding unnormalized atomic displacement and p;, the re-
duced mass for the vibrational mode k. The sum in eqn (5) runs over the total number of
atoms, which is represented by N.

The form of eqn (5) allows for the splitting of the Raman tensor into molecule and
surface contributions in SERS simulations [74,75]. Thus, the first summation of eqn (5) can
be split into two summations: one running over the atoms belonging to the molecule and
another one over those belonging to the surface.

oa

~ A ~ 1 Iy 1 Ig (0@
Ri=RY + Y = = Siew B31 0 (5315) + 7= Tres Bi1 0 (5775 (6)

Using this fragmentation of the Raman tensor, the Raman activity of k gets also par-
titioned into a sum of molecule (M), surface (S) and intermolecular (MS) contributions, the
latter arising from crossed products of the components RY and R} in eqn (6).

R, = RY + Ry + RYS = [45(al)? + 7(yM)?] + [45(@3)? + 7(72)?] +
+[45(@™)* + 7(7"5)?] 7)

The reader may find further details about derivation of eqn (7) elsewhere [75].

Eqgn (7) provides a way to analyze the effect of molecule-surface vibrational coupling
on the Raman scattering enhancement of adsorbed molecules. This has been an over-
looked effect in the SERS literature, but nevertheless it was shown to play a very important
role in carbon based substrates such as graphene [74-76], although residual in metals such
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as silver [92]. Thus, the Raman activity for a given molecular mode in the molecule-surface
complex can be decomposed into the ‘pure’ molecular contribution and the surface terms
using eqn (7). This allows representing hypothetical spectra for the molecule and the sur-
face separately using their corresponding contributions to the Raman activities. The su-
perposition of these hypothetical spectra gives rise to the Raman spectrum.

2.3 Real Space Representation of Electric Polarizabilities

Real-space visualization of the linear optical response of the surfaces allows charac-
terizing the regions where this response is larger. Localization of a strong optical response
within the carbon nanoislands of h-BNCs is well-known and was recently exploited to
simulate the Raman enhancement of a single water molecule adsorbed on a pyrene
nanoisland embedded in a h-BN sheet [81]. However, the magnitude of the Raman en-
hancement depends on a physical property in particular, the frequency-dependent polar-
izability, a(w), which is expected to increase drastically when the system is subjected to
an electromagnetic perturbation that matches (resonance) or is close to (pre-resonance) an
electronic excitation. In this case, the excitation may involve the electrons of the molecule,
those of the surface or a charge-transfer process between both. Therefore, the real-space
representation of a(w) would be a valuable tool here, providing information about the
atoms or bonding regions where the Raman enhancement is expected to be larger.

Herein, intrinsic polarizabilities, first introduced by Van Alsenoy et al [93], were em-
ployed to represent a(w) inreal-space and to understand the Raman enhancement in the
different complexes and at different excitation wavelengths. The intrinsic polarizabilities
avoid the well-known problem of the origin dependence of distributed polarizabilities,
which hinders any partitioning of the total polarizability into atomic polarizabilities or its
real-space representation. Thus, Otero et al implemented a general scheme to obtain maps
of intrinsic polarizability density distributions a7 (#) by means of a sum over a set of
atoms [94]:

T () = Tawa D7 - RD () (®)
in which r? and Rj represent, respectively, the corresponding component o (x, y or z)
of 7 or the atom 4, p, the electron density, is derived by a static uniform electric field in
the ¢’ direction, represented by 7', and w,(7) is the weight of the atom A at 7 de-
fined by the atomic partitioning scheme employed. Specifically, Otero et al employed a
Fractional Occupation Hirsfeld-I (FOHI) scheme [95] to compute these weights due to the
distributions obtained present a more continuous behavior in comparison with the Quan-
tum Theory of Atoms in Molecules (QTAIM) approach. When none of the directions is

preferable, the isotropic polarizability ((a,’;’}fr (#) + allfT (@) + alpt” (F)) /3) in each point of
the molecular space is more convenient, as was considered in this work.

In order to compare the changes provoked by two interacting systems (the model
surface and the molecules considered in this work), one can define an interacting intrinsic

polarizability ((Aai"" (?))) only replacing the electron density, p, by a BSSE-corrected de-
formation density [76],

Ap = pSM —p% — pM )
obtaining an equivalent expression to eqn (8).

2.4 Computational Details

Geometry optimizations and vibrational analysis of the molecule-surface complexes,
were carried out using Gaussian16 [96]. Optimized geometries and ground state energies
and electron densities for the EDA were obtained at the DFT level with the M06-2X func-
tional in combination with the 6-311G(d,p) basis set. This is an appropriate functional for
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the study of aromatic systems such as those considered in this work. The EDA analysis
was performed with the EDA-NCI program [97].

Time-dependent density functional theory (TDDFT), as implemented in Gaussian16,
was employed to characterize the electronic transitions with larger oscillator strengths in
the complexes. Afterwards, using an own Fortran utility, the transition density (TD) and
the ground to excited state density difference (DD) were generated for each optically ac-
tive mode from the excitation and deexcitation coefficients obtained after the solution of
the Casida’s equation. Plots of TDs and DDs were drawn with Gaussview 6.0 [98]. The
excitation wavelengths of these transitions were then selected to calculate frequency-de-
pendent polarizabilities at pre-resonance conditions using the coupled perturbed Kohn-
Sham theory (CPDFT), and the corresponding Raman tensors for the vibrational modes
of the adsorbed molecules. This information was transferred to another Fortran utility
written to compute the total Raman activities and the molecule and surface components
according to eqns (6) and (7). Besides simulations at pre-resonance conditions, excitation
wavelengths of laser sources usually employed in SERS experiments and close to the elec-
tronic transition wavelengths (488 and 532 nm) were also considered. Owing to the large
computational cost of CPDFT calculations, the basis set employed in this case was reduced
to a hybrid basis including 6-31G(d,p) for the molecule and the internal C96 structure and
3-21G for the external boron, nitrogen and hydrogen atoms in the h-BNC surface model.
The geometries of the complexes were reoptimized with the new basis set in order to per-
form the vibrational analysis at energy minima. In order to check the reduction of the basis
set does not affect significantly the electronic spectra of the complexes and, therefore, the
rest of the analysis, TDDFT excitation energies and oscillator strengths were compared
with those obtained with the 6-311G(d,p) basis set.

Raman spectra were represented with the Gabedit [99] software using Lorentzian
lineshapes with a half-height width of 5 cm™. To simplify the analysis, the Raman spectra
represented in this work for the complexes include only the signals that correspond to
vibrations within the TCDD and TCDF molecules. In order to identify these vibrations,
the atomic weights for the different vibrations were calculated and only those vibrations
where the weight of the molecule was larger than 50% were considered. Afterwards, the
vibration modes that give rise to the most intense peaks in the Raman spectra of the com-
plexes were matched with those of the isolated molecules by comparing their symmetry
features and atomic displacements.

Intrinsic polarizabilities were calculated using CPDFT and the POLACUBE program
[94]. The real-space representation of these polarizabilities were done with the Chemcraft
visualization software [100]. Fragment polarizabilities were also calculated to compare the
polarizability of the isolated molecules with that of the adsorbed molecules. In order to
avoid the coordinates’ origin dependence and the basis set dependence of fragment po-
larizabilities, the calculations were done with the geometry, coordinates’ origin and basis
set of the complex even for the isolated molecules, the latter with the help of the counter-
poise method [101] (more details about the calculation of fragment polarizabilities may be
found elsewhere [74]).

3. Results

3.1 Energetic Stability of the Complexes

The complexes analyzed are depicted in Figure 1. They correspond to the stable con-
formations of TCDD and TCDF molecules adsorbed on a h-BNC model surface composed
by a carbon nanodisk of ninety-six carbon atoms (C96) surrounded by a string of borazine
rings. This model of h-BNC will be denoted as BNC96 and present a lower symmetry (Dan)
than the C96 carbon nanodisk (Den). In previous studies, where the interaction energies of
aromatic molecules with carbon nanodisks of increasing size were compared [88,102], the
C96 carbon structure was shown to provide interaction energies close to those found be-
tween an infinite graphene sheet and molecules of similar size to TCDD and TCDF. It must
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be also noted that the BNC96 structure was fully relaxed during the calculations of the
adsorption complexes, giving rise to a significant bending of its structure.
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Figure 1. Optimized structures of the adsorption complexes BNC96-TCDD (left) and BNC96-TCDF
(right).

The interaction energy and its different components are shown in Table 1 for the
complexes shown in Figure 1. For the sake of comparison, the same data obtained previ-
ously for complexes formed by TCDD and TCDF adsorbed on a “pure” C96 carbon
nanodisk are included in Table 1 [86]. As it can be observed from these data, the external
borazine rings have a little influence on the interaction of the pollutants with the internal
carbon nanodisk. Thus, neither the total interaction energy nor its components display
significant differences between C96 and BNC96. The most important contribution to the
formation of these complexes is by far the dispersion energy. Accordingly, the pollutants
and the surfaces adopt stacking conformations with a molecule-surface distance in-
versely proportional to the magnitude of the interaction (3.2 and 3.3 A for TCDD and
TCDF, respectively). Moreover, the slightly lower interaction energy of the complexes
formed with BNC96 with respect to C96 might be related to the bent structure adopted
by the former, providing a more favourable balance between first order energies (elec-
trostatic and Pauli) since the polarization energy (induction + dispersion) is practically
the same in both surfaces.

Table 1. Interaction energy and its components for the complexes formed by the surface finite
models of C96 and BNC96 with TCDD and TCDEF. All data are given in kcal mol.

TCDD TCDF

C96 BNC96 C96 BNC9%
Epee -213 211 196 -19.0
Epqu 525 512 487 469
Ema -50 <51 42 43
Episp -59.5  -59.7 562 -55.9

Epne -334  -347 -31.4 -32.3
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3.2 Static Raman Spectra

Raman spectra obtained at static conditions for the isolated molecules and for the
molecules adsorbed on BNC96 are shown in Figure 2. The spectrum of the isolated TCDD
is dominated by five peaks at 1302, 1323, 1554, 1661 and 1679 cm-'. Vibrations associated
with these peaks correspond to ring vibrations parallel to the molecular plane. It can be
observed that these frequencies are slightly shifted in the BNC96-TCDD complex. A
deeper analysis of these vibrational modes in the complex denotes an important contribu-
tion of the surface atoms, with weights of 57% and 34% for the most intense peaks at 1302
and 1679 cm, respectively. Due to this large vibrational coupling with the surface, the
Raman activity of these modes is enhanced in the complex, reaching an enhancement fac-
tor of 10 for the signal at 1679 cm, even when the resonance mechanisms (electromagnetic
and charge transfer) are omitted.

The spectrum of the isolated TCDF is dominated by four peaks at 1327, 1350, 1528
and 1727 cm!, which correspond to ring vibrations similar to those observed in TCDD.
Due to the partial loss of symmetry in TCDF (Czv) with respect to the centrosymmetric
TCDD (D2n), the Raman activities of the active modes in the isolated molecule are larger
than in TCDD, and consequently the Raman intensities in the spectrum. Interestingly, the
Raman activities of all the active modes, except one (1685 cm™), lessen when TCDF is ad-
sorbed on BNC96. It can be observed in Figure 2 that the peak at 1685 cm!, which shows
a low intensity in the spectrum for the isolated molecule, is largely enhanced in the spec-
trum of the complex. It can be also extracted from these spectra that the intense peak in
the complex correspond to the superposition of two vibrational modes with a scarce ac-
tivity in the isolated molecule. The reason of the significant Raman enhancement of these
modes in the complex is, as in the case of TCDD, the large vibrational coupling with the
surface, with contributions of 62% and 42% of the surface atoms, respectively. As men-
tioned above, the Raman activity of the rest of modes decreases in the complex with re-
spect to the isolated molecule, in these cases the vibrational coupling is much lower with
contributions from the surface atoms that in no case exceed 5%.
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Figure 2. Simulated static Raman spectra of TCDD (a) and TCDF (b) adsorbed on BNC96 (blue)
confronted with the spectra of the corresponding isolated molecules (orange).

In previous works, the static Raman spectra of aromatic molecules was found to be
consistent with the electric polarizability changes experienced upon stacking interaction
with a carbon surface [74,75]. Therefore, leaving out the two modes with a strong vibra-
tional coupling with the surface, the decrease of the Raman activity in TCDF should stem
from a decrease in the polarizability of the molecule in the complex. In order to confirm
that, the polarizability tensor and the isotropic polarizability of the molecules isolated and
adsorbed on BNC96 have been calculated and compared in Table 2.

Table 2. Polarizability tensor diagonal components and isotropic polarizability (in au) for the iso-
lated molecules and adsorbed on BNC96.
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TCDD TCDF

Isolated BNC96 Isolated BNC96

@y 30220  182.42 310.05  172.82
ay, 17438 8755 17189 75.30
@y 8291 12973 8023  139.99
@ 18650 13323 18739  129.37

The results in Table 2 confirm that the important decrease of the Raman activity of
TCDF upon adsorption on BNC96 can be mainly associated with a decrease in its polar-
izability along the in-plane directions (&y, and @y, ). These are the relevant components
of the polarizability due to the in-plane character of the modes (ring vibrations) observed
in the spectrum. In addition, one can see that despite the increase of the polarizability
along the perpendicular direction (&,;), the isotropic polarizability is still significantly
smaller in the complex. A nice pictorial view of this result is provided by Figure 3 with
the representation of the Hirshfeld-based total and interacting intrinsic polarizabilities of
TCDD and TCDEF. Considering first the isolated molecules (Figures 3a and 3c), it is obvi-
ous the most polarizable regions, represented by orange lobes, are systematically centered
on chlorine atoms due to several factors: they occupy peripheral positions and are singly
bonded to one atom uniquely, in contrast with the carbon atoms; their electron density,
coming presumably from electron lone pairs, can be more expanded and accessible to the
effect of an electric field; and, finally, they are larger than the rest of atoms according to
the atomic radius scale. The second most polarizable regions are centered on oxygen at-
oms, since they also accumulate an important fraction of electron density at lone pairs, as
chlorine atoms, but are considerably smaller. Less polarizable regions are centered on car-
bon atoms, due to absence of electron lone pairs, their smaller atomic size and the fact that
they are normally positively charged, in contrast to more electronegative atoms as oxygen
and chlorine. The plots also reflect polarizability density distributed uniformly along the
rings, characteristic of multicenter electron delocalization in aromatic systems. Regarding
the molecules interacting with BNC96 (Figures 3b and 3d), the most polarizable regions
previously commented (corresponding to lone pairs of chlorine and oxygen atoms) are
systematically the regions with larger reduction of the polarizability (in gray) in contrast
with bonded regions, such as C-Cl, C-O or C-C. Curiously, this effect is highly localized,
since multicenter electron delocalization seems to be affected negatively in view of the
gray lobes found inside the rings. Therefore, the interaction with the surface can locally
boost the aforementioned bonds to the detriment of reducing lone pairs and the multicen-
ter electron delocalization of the molecule.

Summarizing, the results obtained here for TCDD and TCDF reflect the molecule-
surface vibrational coupling is a key factor to interpret the static Raman spectra, provok-
ing a significant Raman enhancement in those vibrational modes with a large contribution
of the surface atoms. In contrast, the strong stacking interaction with the surface leads to
a general decrease of the polarizability of the adsorbed molecules, which is reflected on a
reduction of the Raman activity as long as the molecule-surface vibrational coupling is
small, as already observed in previous works for different carbon allotropes [74,75].
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Figure 3. Front views of isotropic polarizability density distribution maps of TCDD and TCDF mol-
ecules isolated, (a) and (c), and adsorbed on BNC96, (b) and (d). For isolated molecules the map
represents the total intrinsic polarizability (eqn (8)) whereas for the adsorbed molecules the map
represents the interacting intrinsic polarizability (eqn (9)). Isosurface values for total and interacting
intrinsic polarizabilities are +0.03 and +0.01, respectively. Orange and blue regions correspond to
positive values of the isosurface, whereas purple and gray represent the negative ones. We have
removed the polarizability density distributions from the host surface to simplify the visualization.

3.3 Raman Spectra Under Pre-resonance Conditions and Laser Wavelengths

The characterization of the electronic transitions from the ground to the different ex-
cited states in the adsorption complexes is the first step to simulate pre-resonance Raman
spectra. Subsequently, excitation wavelengths near those corresponding to the most in-
tense transitions are included in the calculation of frequency-dependent polarizabilities
and the corresponding Raman activities. In this case, the electronic absorption spectra for
the isolated BNC96 structure and for the complexes of Figure 1 were simulated using the
results obtained from TDDFT calculations (see Figure S1 in the Supplementary Material).
The spectrum of BNC96 shows a very intense band around 513.6 nm, corresponding to
two degenerate electronic transitions, x-polarized and y-polarized, respectively, with os-
cillator strengths of 2.560. These transitions are significantly stronger than those found for
C96, where the oscillator strength was found to be 1.864 [74,75]. In addition, the absorption
band in BNC96 is red-shifted with respect to C96 (457 nm) [74,75], making this band closer
to the most employed laser source in SERS experiments (532 nm). In the complexes, this
band is even more red-shifted to 518.8 nm and 518.0 nm for BNC96-TCDD and BCN96-
TCDF, respectively, and corresponds, due to the loss of symmetry with respect to the iso-
lated surface, to two quasi-degenerate electronic transitions with oscillator strengths of
2.368 and 2.313 for BNC96-TCDD and 2.364 and 2.286 for BNC96-TCDF.

The analysis of the DDs for the electronic transitions engaged in these bands allows
discarding a significant charge transfer between surface and molecule, confirming that the
excitations involve mainly electrons of the surface. The DDs obtained for the x-polarized
electronic excitation in C96-TCDD and BNC96-TCDD complexes are represented in Fig-
ure 4. Differences between the DD distribution in C96 and BNC96 are related to the dif-
ferent symmetry of the surface models, Den and Dsn, respectively. As it can be observed,
the optical response is mainly located on the carbon nanodisk with a residual contribution
from the borazine rings. This confinement of the optical response within the carbon struc-
tures in h-BNCs was previously observed and investigated at theoretical level [81,84].
Thus, the number of BN strings necessary to confine the optical response in a phenyl ring
embedded within a h-BNC nanodisk of Dsn symmetry was found to be only two (a single
string of borazine rings) [81], so that enlarging our surface model BNC96 with more
strings of borazine rings is not expected to modify significantly its optical response. The
y-polarized excitation in BNC96-TCDD and excitations in BNC96-TCDF complex provide
identical information and can be seen in Figure S2 of the Supplementary Material.
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Figure 4. Ground to excited state density differences (DDs) in BNC96-TCDD (right) and C96-TCDD
(left) complexes. Isosurface value is 4-10

On the other hand, the TDs for the same electronic excitations represented in Figure
4 are shown in Figure 5. Notice that the distribution of the TD reflects the polarization of
the electronic mode (see the differences between x-polarized and y-polarized excitations
in Figure S3 of the Supplementary Material). The plots of Figure 5 denote a highly polar-
ized electronic mode strongly localized within the carbon structure. This high polarization
is a characteristic feature of collective electronic excitations such as those involved in mo-
lecular plasmons, where a large transition dipole moment spans the entire system. On the
other hand, a weak local polarization within each individual ring at the molecule-surface
interacting region can be also observed. This local polarization opposes the global polari-
zation of the mode. Furthermore, TD plots in the BNC96 complexes also reflect the low
participation of the borazine rings and the molecule in the optical response, confirming
its local confinement within the carbon nanodisk.

Figure 5. Transition densities (TDs) in BNC96-TCDD (right) and C96-TCDD (left) com-
plexes. Isosurface value is 1-10.

As aforementioned above, the dominant ground to excited state electronic transitions
in BNC96-TCDD and BNC96-TCDF complexes are centered at 518.8 nm and 518.0 nm,
respectively, involving electrons localized on the carbon nanodisk. These wavelengths
might be used as reference to simulate the Raman spectra under pre-resonance conditions.
However, the computational cost of these calculations forces the use of a lower basis set,
as mentioned in the computational details section. TDDFT calculations show that the
dominant ground to excited state electronic transitions are slightly blue-shifted with the
lower basis set to 514.0 nm and 514.2 nm for BNC96-TCDD and BNC96-TCDF complexes,
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respectively. The oscillator strengths for these excitations are very similar to those ob-
tained with the larger basis set. In order to avoid numerical problems when solving the
CPDFT equations at resonance conditions, a detuning of ~2 nm in the excitation wave-
length with respect to the resonance wavelength was applied to simulate pre-resonance
Raman spectra [103]. In addition, Raman spectra were also simulated using, as electro-
magnetic perturbations, typical laser wavelengths (488 nm and 532 nm) employed in SERS
experiments. These are the most interesting spectra, as they give us a more realistic pre-
diction of the expected Raman enhancement under experimental conditions.
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Figure 6. Simulated Raman spectra of TCDD (a) and TCDF (b) adsorbed on BNC96 obtained with

an excitation wavelength of 512.0 nm and 512.2 nm, respectively.
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The spectra obtained under incident wavelengths blue-shifted by 2 nm with respect
to resonance are shown in Figure 6. These spectra are represented using the same scale for
the Raman activity as in the static spectra, only changing the multiplicative factors indi-
cated next to the axis. Comparing the factors of pre-resonance spectra with those of the
static spectra, it can be observed that the Raman enhancement in TCDD and TCDF com-
plexes reaches 108 and 107, respectively. Practically the same enhancements are observed
under incident wavelengths red-shifted 2 nm with respect to resonance (see Figure S6).

Since the electromagnetic response is mainly located on the surface, those vibrational
modes from the molecules with the largest vibrational couplings with the surface atoms
are expected to display the largest Raman enhancements. It can be observed that, effec-
tively, the largest Raman enhancements are found for signals which were already en-
hanced in the static spectra: for TCDD at 1302 and 1679 cm! and for TCDF at 1685 cm-,
which are precisely those vibrational modes with the highest vibrational coupling with
the surface. On the other hand, noticeable enhancements are also found at 1248 cm-! and
1350 cm for BNC96-TCDF, which correspond to signals associated with vibrational
modes with a small vibrational coupling with the surface, with a weight of the surface
atoms of 1.4% and 0.4%, respectively).
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Figure 7. Simulated Raman spectra of TCDD (a, c and e) and TCDF (b, d and f) adsorbed on BNC96
(a and b) and hypothetical spectra obtained from the contributions of molecule (c and d) and surface
(e and f) obtained with an excitation wavelength of 532 nm.

Raman spectra obtained under an excitation wavelength of 532 nm are shown in Fig-
ure 7. The spectra obtained under an excitation wavelength of 488 nm are shown in Figure
S7 of the Supplementary Material. Both lead to the same conclusions, so that only the re-
sults obtained with 532 nm will be discussed here. In this case, the hypothetical spectra
obtained by neglecting the contribution to the Raman activity of the surface atoms or the
contribution of the molecule are also shown. They provide a pictorial view of the effect of
the molecule-surface vibrational coupling on the Raman spectra of the pollutants.

There are clear similarities between the pre-resonance Raman spectra discussed
above and those shown in Figure 7. Thus, the shape of the spectra is quite similar with the
same enhanced peaks. Since the laser wavelength is significantly red-shifted with respect
to resonance (around 18 nm) the Raman enhancement decreases with respect to pre-reso-
nance spectra, although it is still large, with enhancements around 104 for both molecules,
being slightly larger in TCDD. As it can be extracted from the molecule-surface decompo-
sition of the Raman spectrum of BNC96-TCDD, the largest enhancement comes from the
surface contribution. The enhancement associated with the molecule lies in a lower scale,
so that no signals can be observed in Figure 7c. On the contrary, in the BNC96-TCDF spec-
trum (Figure 7b) both the molecule and the surface contributions lie in the same scale and
depending on the vibrational mode the enhancement is mainly due to one or the other
(see Figures 7d and 7f). For instance, the contribution of the molecule is clearly dominant
at 1727 cm. This is due to the fact that, in this complex, the molecule-surface vibrational
coupling of some modes is significantly lower than in the TCDD complex. Anyway, the
enhancement of the most intense peak of the spectrum, located at 1685 cm-!, is mainly due
to the contribution of the surface atoms (Figure 7f). As mentioned in the previous section,
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this signal is already enhanced in the static spectrum because of the large vibrational cou-
pling with the surface atoms of the modes associated with it.

4. Conclusions

In this work, the ability of 2D hybrid h-BNC structures as substrates for the Raman-
enhancement of dioxins and dibenzofurans has been theoretically investigated. First, the
interaction energies obtained for the stacking complexes formed between two model com-
pounds, TCDD and TCDF, and a model h-BNC surface, BNC96, show the large affinity of
the substrates by these families of persistent organic pollutants. The most important con-
tribution to the energetic stabilization of these complexes is the dispersion interaction, as
previously found for pure carbon 2D structures.

Under static conditions, the Raman activity in the BNC96-TCDEF complex displays a
general decrease as a consequence of the decrease experienced by the polarizability of the
molecule upon the adsorption by the surface. The only exception is the peak located at
1685 cm, which is associated with vibrational modes of the molecule with a large vibra-
tional coupling with the surface atoms. On the other hand, the Raman activity in the
BNC96-TCDD complex is dominated by the large vibrational coupling between the mol-
ecule and the surface atoms observed for the most active modes of TCDD, which overpass
the general decrease of its polarizability, giving rise to a general enhancement of the Ra-
man spectrum.

Transition electron densities and ground to excited state density differences obtained
for the most active electronic modes of the complexes reflect that these modes correspond
to collective electronic excitations characteristic of molecular plasmons, strongly confined
within the carbon nanodisk of the BNC96 structure. Under excitation wavelengths close
to resonance with these active electronic modes, large Raman enhancement factors of 108
and 107 are obtained for some vibrational modes of TCDD and TCDEF, respectively. Under
laser excitation wavelengths frequently used in SERS experiments, significant Raman en-
hancement factors around 104 are also obtained, being slightly larger in TCDD. Due to the
large vibrational coupling with the surface atoms in TCDD, its Raman spectrum displays
a general enhancement mainly due to the contribution of the surface. In TCDF, some ac-
tive vibrational modes display a small vibrational coupling with the surface, so that the
signals associated with these modes also display an important contribution of the mole-
cule to the Raman enhancement.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Main electronic adsorption band obtained for BCN96-TCDD and
BCN96-TCDF complexes (solid lines) compared to that obtained for BCN96 (dashed lines). The ex-
citation wavelengths employed as reference for the calculation of pre-resonance Raman spectra are
indicated by vertical lines in red; Figure S2: Ground to excited state density differences (DDs) in
BNC96-TCDD and BNC96-TCDF (right) and C96-TCDD and C96-TCDF (left) complexes. Isosurface
value is 4-10-%; Figure S3: Transition densities (TDs) in BNC96-TCDD and BNC96-TCDF (right) and
C96-TCDD and C96-TCDF (left) complexes. Isosurface value is 1-10+; Figure S4: Simulated static
Raman spectra of TCDD (left) and TCDF (right) adsorbed on BNC96 (first row) and hypothetical
spectra obtained from the contributions to the Raman activity of the molecule (second row); Figure
S5: Simulated pre-resonance Raman spectra of TCDD (left) and TCDF (right) adsorbed on BNC96
obtained, respectively, with excitation wavelengths of 512.0 and 512.2 nm (first row) and hypothet-
ical spectra obtained from the contributions to the Raman activity of the molecule (second row);
Figure S6: Simulated pre-resonance Raman spectra of TCDD (left) and TCDF (right) adsorbed on
BNC96 obtained, respectively, with excitation wavelengths of 516.0 and 516.2 nm (first row) and
hypothetical spectra obtained from the contributions to the Raman activity of the molecule (second
row); Figure S7: Simulated Raman spectra of TCDD (left) and TCDF (right) adsorbed on BNC96
obtained with an excitation wavelength of 488 nm (first row) and hypothetical spectra obtained from
the contributions to the Raman activity of the molecule (second row) and the surface (third row).
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